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IN THE LANGLEY PROPELLER- RESEARCIi TUNIEL^ 
By Hugh B. Freeman 

: : SUMMARY 


Tests of two wings were made in the Langley propel- 
ler-research tunnel to determine the increase in lift 
obtainable by bo ’and ary -layer control and to determine 
the power required for the blower. One wing, desi gnated 
the stub vhng, had a 6.5-foot span, a chord, 

and a maxirmain thickness of O.5O chord and was fitted with 
large end plates; the second wing v/as an KACA 24I5 airfoil 
of 16-foot span and 2.67-foot chord and was tested with- 
out a flap, v/ith a plain flap, and with a Zap flap. 

Lift coefficients of about 3*^ were obtained for 
the stub wing either by the su.ction or the pressure method, 
but the pressure method required several times more power 
than the suction method. The best slot location for this 
wing was found to be near the midchord position. A single 
suction slot was more effective than any multiple slot 
arrangement when the same pressure was applied to all 
slots . 


^This report is a revised and edited version of a paper 
that was originally prepared in April 1935* that 

time the paper was not published and was given only 
limited circulation because it was expected eventually 
to expand it to Include the results of further, m.ore 
extensive, studies. The proposed studies were not com- 
pleted, however, and the report is being published now 
in response to recent requests for this information. 

In the absence .of the author, the revision has been m.ade 
by Dr. S. Katz off and Mr. P. K. Pierp'orit of the Langley 
Laboratory. It should be noted that several minor ques- 
tions that arose on careful examination of the results 
could not be clarified because the original data are 
not available. 
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For the NACA 2 lj.l 5 wing, which wa's tested only wdth 
suction, the best slot position was--be tween 0.11 and 
0.20 chord from the leading- edge for .either the plain 
wing or the wing with a Zap flap. For the v/lng wdth a 
plain flap, a slot on the flap just o.ehind the hinge 
required least suction power and provided high maxiTnuri 
lift coefficients at angles of attack in the practical 
range. Slots near the flap hinge appear to be effective 
in maintaining high lift-curve slope and high flap effec- 
tiveness, but those near the leading edge are more 
effective in holdinf^ the flow at high angles of attack. 
Maximum lift coefficients were about 2.8 for the plain 
flap and about 3.I for the Zap flap. Some tests of the 
plain wing with a slot at 0.91 chord showed an appreciable 
increase in the lift-drag ratio (where the drag included 
the blow'er drag) for the take-off and climb range. 


THTEODlTCTIOI'i 


Boundary-layer-control tests made with small models 
at the Langley Laboratory (reference 1 ) and elsewhere 
(reference 2 ) have shown that control of the boundary 
layer offers a powerful means of increasing the maximum 
lift and the range of angles of attack for safe flying. 

In the v.'ork for the present report large model' wings 
v;ere tested in the Langley propeller-research tunnel in 
an effort to obtain more information on the practica- 
bility of the method. 

One set of tests was made of a stub wing of 
span , , S . chord, and a ma.ximum thickness o^- O. 50 chord, 

fitted with large end plates to l.ncrease the effective 
aspect' ratio and to make the flow' more nearly two- 
dimensional. The great thickness and short- span facili- 
tated, the tests because the blower aou 3 .d be installed 
directly inside the wing and. because the mechanical work 
involved in making; changes would be simplified. For the 
second set of tests a conventional vidng of aspect ratio 
6, 16-foot span, and thickness of 0,18 chord was used, 
arranged above a "fuselage" In which the blov;er w;as 
housed. This wing was also tested w'ith plain and with 
Zap flaps. 
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MODELS AND TESTS . 


For the first series of tests, the stub Vv’ing and the 
arrangeinent of the end plates are shown in figures 1 2, 

and the airfoil ordinates are given in table I. Boundary- 
layer control on this wing was effected both by sucking 
the boundary layer into the wing through spanwise normal- 
opening slots and by discharging air through spanv;ise 
baclnward-opening slots. (See fig. J>.) Various slot loca- 
tions, slot sizes, and wing internal pressures were 
tried in both cases. The motor-driven blower served for 
both types of boundary-layer control and inducted or 
discharged the air through the end of the wing. 

The conventional wing used for the second series of 
tests had a 2.67-foot chord with the NACA 2J4.I5 airfoil 
section (fig. U). This v/ing ’was tested only vdth suction, 
and the blower discharged the inducted air through the 
rear of the fuselage. The wing was fitted v/ith a 
0.30-chord fi.ill-snan hinged trai ling-edge flap that could 
be deflected 15°, '50°, , or 60 °. A removable 0 . 2 5- chord 

full-span zap flap w'as also tested, but at only one flap 
angle (50°. to. the chord line). 

For the stub-wing tests the airspeed v^as approximately 
Ij.O miles per hour. For the NACA 2[|.15 v;ing of aspect 
ratio 6, the airspeed vjas reduced to about ^0 miles per 
hour for most of the tests in order to attain large 
ratios of wing pressure to dynamic pressure v/ith the 
low' blov/er power available. A few tests were also made 
at an airspeed of approximately 60 miles per hoiir to 
determine the effect of boundary-layer control on the 
drag characteristics, especially in the range of lift 
coefficients corresponding to 'the take-off and climb 
conditions. 


SYMBOLS 

c airfoil chord 

b airfoil span 

free -stream \^elocity 
p^ free- stream static pressure 
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h 


Qq free -stream dynamic pressure 

total pressure inside wing 


Q volume rate of flow through slot; positive for 

flow entering the slot 

P power input to blower 

Oj^ lift coefficient 

drag: coeff lei ent 



.ihd.ixced drag coefficient 
internal wing pressure coefficient 



volum,etric coefficient 


( vjb, 


ideal) 


ideal-blower drag coefficient 




)) 


/Ctv is the drag coefficient 

V ^(Ideal) 

equivalent to the power required (100-percent 
'olov;er efficiency assumed) ^’l) for 
suction slots, to discharge, at free- 
stream tot<al pressure, air v/ithdravm. from 
tliS boundary layer and (2) for pres- 
sure slots, to increase the pressure of- the 
incoming sir, assumed to enter with the 
free- stream, total pressure, enough to 
discharge the desired quantity of air 
into the boundary layer at a given total 
pressure H, \ 

- r\ I 




blower drag coefficient; dra 
to power input to blower 

total drag coefficient / 0^, 


g coefficient 

/ p \ 

ideal); 


equivalent 


The blower drag coeffic5-ent Gj^. is used for con- 
venience in comparing results of several of the present 
tests; however, the ideal blower drag coefficient is used 
when com.parlsons \vith results of other investigations are 
made . 
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RESULTS. AND DISCUSSION 


Stub Wing 

Pressure slots . - Typical lift 
slot on the stub 


opening pressure 


curv.es for a backward- 
wing are shovn in 
g ores sure coefficient 


figure 5 four values of^ the wir 

and are compared with the lift curve for the wing with- 
out boundary-layer conti*ol. The low lift-curve slope 
resulted from, the low effective aspect ratio of the wing. 
For an aspect ratio of 6, a lift coefficient of 5.0 v/ould 
occur near 50° angle of attacl as determined by. extrapo- 


lating the curve 


for 


'H 


b 


10.20 (fig, 


5) 


to zero lift 


and computing the angle of attack for the nexv aspect, 
ratio. In figure 6 the maximuTn lift coefficient is 
plotted against blower drag coefficient for each slot. 
';^lthin the range tested the 0.0075c slot at 0.[}.2c appears 
to require the smallest blowrer drag coefficient for a 
given maximum lift. 

Single suction slots .- Typical lift curves for the 
stub wing with single suction slots are shown in figure 7? 
and plots -of maximum lift coefficient against;' blovi/ef drag 
coefficient for each slot are shpwmi. in figure 8. The 
most interesting features of the curves are the .lov/ pres- 


sure coe f f i ci ent s 
.cient s 


£ind the low 


required in comparison 


.blower drag coef.fi- 
mth those for the 


pressure slots (figs. 5 6). Of. the slots tested, 

the most efficient appear to be the 0. OJc , • 0.0ij.5c 5 
and 0.06c suction slots at 0.5--i-C. The highest maximum 
lift coefficient (5*2) was obtained with a 0.06lc slot 
at O.piic with a blower drag coefficient of O.07. Nearly 
the same lift coefficients were obtained with, a . pressure 
slot at 0.l|.2c, but the blower drag coefficient vi/as several 
tiires as much. A few tests, for which, the data- are not 
shown, mere made with a O.OI5C forward-opening suction 
slot at 0.50c; these slots were found to require less 
blovi'er pov/sr than the best pressiire-type .slot but more 
than the best normal-ooenlng suction slot. 


Multiple slots .- A few multiple-slot.. arrangem.ents 
were. tried with both methods of control. The results for 
the best of each type are shown in figui^e 9. Each arrange- 
ment shovnn had two slots, except one that had 25 very 
narrow; slots spaced 0.05c apart. None of these arrange- 
ments appears as favorable as the best single suction 
slot . . 
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Comparison of results of stub-wing tests . - In 
figures 10 and 11 , respectively, the maximum lift coef- 
ficient of the stub wing is plotted against ideal-blov^er 
drag coefficient and volumetric coefficient *f or the most 
efficient of the arrangements tested. In figure 11 the 
curve for the slot at O.^Lc shows that the volume of air 
required to obtain a given lift coefficient is independent 
of the slot vddth. For comparison, results are also shovm 
for the 0.15c wing tested with pressure control in 
reference 1 and for the O.lj.Oc wing tested with suction 
control in reference 2 . As already indicated, the suction 
slots are seen to be several times more efficient than 
the pressure slots, because they require both smaller 
pressure coefficients and smaller volum.etric coefficients. 
The comparison with the results for the w'ing of reference 1 
is mierely a further example of the fact that boijndary- 
layer control Increases maximum lift more easily on a 
thick wing than on a thin wing. 

NACA 2 i :.15 Wing 

Slot taper .- Only the suction type of, .slot was 
tested on the NACA 2U15 wing of l 6 -foot span-. With a 
large span and a comparafi vely thin \ving, some diffi- 
culty in obtaining uniform spanwise distribution of the 
quantity of air sucked off was anticipated because of 
the flow losses inside the w'ing and the increase in the 
velocity of flow from the tip to. the center of the wing. 
This distribution presum.ably ’would be uniform if the 
product of -t’he slot width and the square root of the 
pressure difference across the slot were uniform. For 
this series of tests, the slot that was used fo.r all 
wing configurations was tapered from, a width of 0.025)-!-C 
at the center to O.O55O0 near the tip - an arrangement 
that satisfied the proposed criterion for a high-lift 
condition of the plain wing. It .should be noted that, 
even with a tapered slot, the thin wing is handicapped 
because an excess suction must be provided throughout 
the span in ord.er to provide the minimum suction required 
near the wing tip. .... • i . . 

Plain wing . - Lift cuhves for. the plain wing are 
shovm in figure 12 for si.'x slot locations. The blower 
speed was constant for these curves and-.the blower input 
pov/er approximately so. Figure I5 shows, maximum lift 
coefficient for the same slots plotted against ideal- 
blower drag coefficient. The best slot location appears 
to lie between 0 . 11 c and 0 . 20 c from the nose; for this 
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location, the maximioir; lift coefficient 2.6 is obtained 
with an ideal -blovjsr drag coefficieht of approximately O .3 
The slot effectiveness decreases steadily as the slot is 
moved toward the trailing edge. 

Wing with plain flap . - Tv;o slot locations were 
tried for the tests of the wing with the plain flap; 
namely, a slot on the main vving 0.20c behind the leading 
edge, and a slot on the flap itself at 0.73° ( O.Opc 
behind the hinge). The results for a range of flap 
deflections are shov.n in figures lli. and 15« For the 
slot at 0.20c, the maximum lift for all the flap angles 
is somewhat greater than for the wing vathout the flap 
and. 111 all cases, the stall occurs at an angle of 
attack above 50 ° • The slope of the lift curves, however, 
is less than for the plain wing (0° flap setting) prob- 
ably because of separation of the flow on ,the flap itself. 

t 

The curves for the slot on the flap (fig. I 5 ) shov/ 
about the same slope as for the plain wing; however, 
because of increased flap effectiveness, these curves for 
the several flap angles are shifted about three times as 
much as those for the slot at 0.20c (fig. iL.) • Only two 
of the flap angles - 30 ^ and - gave maximum lift 

coefficients greater than that for the best condition of 
the plain wing with boundary- layer control (fig. 12 ),. but 
these maxi.mum lift coe ff icie’nts were obtained at very 
much lower angles of attack, a characteristic that is of 
considerable practical importance. 

Because slot, locations near the flap hinge thus 
appear to be effective in m,aintaining high lift-curve 
slope and high flap effectiveness, and those near the 
leading edge are miore effective in holding the flow at 
hig;h angles of attack, two slots, one at the front and 
one at the rear, appear to be desirable. , 

Figure I 6 shows maximum lift coefficient plotted 
against ideal-blower drag coefficient for the most 
efficient arrangements of the plain and. flapped wing. 

All the flap arrangem.ents appear to be more ' efficient 
than the plain wing, and the highest maximum lift ( 2 . 8 ) 4 .) 
was obtained when the slot was located on the flap just 
behind the hinge. 

Z ap flap . - Results for the wing with the Zap flap ^ 
(fig. 17) are simdlar to those for the plain wing. The 
slope of the lift curve is very little affected by 
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boundary-layer control, and the increase in lift with 
control is obtained by delaying the stall to higher 
angles of attack; for this purpose the slot at 0.20c 
apnears most effective. 


Figure lO shows maximiutn Ilf t -cts-eff-ic lent plotted 
against ideal-blower drag coefficient. The Zap flap 
with suction at 0.20c provided the highest lift coef- 
ficient (5*2) obtained with a single suction slot in 
these tests of tbs hi. gh-aspe ct- ratio v;ing. A combination 
of two slots, at 0.05c and 0.75b, however, yielded a 
slightly higher maximum lift coefficient but required a con- 
siderably larger ideal-blower drag coefficient through- 
out the entire range. A comparison of the m.aximum lift 
coef.fi dent obtained without a control slot with the 
values obtained with the slot located near the leading 
edge indicates that a small amount of power is required 
to overcome the adverse effects of the slots. A com- 
parison w'i th the best .of the other arrangements is shown 
in figure 19. 


Drag reduction for take-off and cllrrib . - Somie 
additional tests of the plain wing were made w'ith a slot 
at O.Qlc in order to investigate the possibility of 
achieving a net increase in lift-drag ratio for the range 
of lift coefficients of interest for climb and take-off. 
These tests were m.ade at a tunnel speed of 80 miles per 
hour. The rear slot location appeared the most logical 
vjith respect to economy of blower power, because the 
velocity in the bouaidary layer is low’est in that region 
and the pressure on the vdng is highest. The exhaust 
velocity at the rear of the fuselage was approximately 
equal to thie tunnel velocity for these tests. 


The polars with and v^itnout control are compared in 
figtire 20 with the induced-drag polar Ct^; ' for a wdng 

of aspect ratio 6. The total drag coefficient is 

the sum of the measured drag coefficient and Ideal- 

blov^er drag coefficient C-n. . Because of the 


'Dv, 


° ( ideal ), 

large reduction in profile drag in the range of lift 
coef.f icients corresponding to take-off and climio, a net 
increase is shov/n in the lift -drag ratio for tMs range. 
The minimum drag is increased somewhat by boundary- la'yer 
control. 
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SUFKAEY.. OP RESULTS 

Results are- presented of bcundary-layer-ooritrol 
tests of tv/o wings to deteririne the increase In lift 
obtained and the power required for the' blower. One 
wing, tested v>»ith both pressure and suction, had a 
6 .y-foot span, a 5.5-foot chord, and' an airfoil section 
of 0.50-chord maxittiurn thickness and was fitted with 
large end plates. Tine other wing, tested with suction 
only, 'used an NACA 21^15 airfoil and had a l6-foot span, 
a 2.67 -foot chord, and was tested vrlthout a flap, vjith 
a plain flap, and with a Zap flap. A summary of the 
results follows; 

1 . For the stub wing of 0 . 30 -chord maximum thick- 
ness ; 


(a) A lift coefficient of about 5.2 was obtained with 
a suction slot at O.5U chord and at a po-v'/er expend! tiire 
corresponding to a blower drag coefficient of O.07. 

(b) Nearly the same lift coefficient vms obtained 
Vi/ith a pressure slot at O.ii .2 chord as with the slot at 
0.5ij- chord, but the blower drag coefficient vms several 
times as much. 

(c) A single large suction slot near the midcliord 
of the wing was more effective than any luulti pie -slot 
arrangement when the same suction was applied to all 
slots . 

2 . For the NACA 2I4.I5 wing: 

(a) With the plain wing or the v.dng with a Zap flap, 
the highest maximum lift coefficients were obtained with 
the slot between 0.11 and 0.20 chord from the leading 
edge, with ideal-blower drag coefficients of about 0.3. 

The maximum lift coefficients were about 2.6 and 3*2 for 
the plain wing smd for the wdng.with the Zap flap, 
respectively. 

(b) With a plain flap, least power for the highest 
maximum. lift obtained was required when the slot was ' 
located on the flap just behind the hinge, and the 
angles of attack reqir-.ired for maxirram lift vjere m.ore 
nearly in the practical range than those required by 
the plain wing. 
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(c) ^'Vith a plain flap, slot locations near the flap 
hinge appear to be effective in maintaining high lift- 
curve slope and high flap effectiveness, but those near 
the leading edge are more effective in holding the flov; 
at high angles of attack. 

(d) 71th the plain wing with a slot at O. 9 I chord an 
appreciable increase in the lift-drag ratio (v/here the 
drag included the blower drag) occurred for the take-off 
and climb range. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va. , July 25, 19^4-5 


references' 


1. Bamber, Millard J. : Vlnd Tunnel Tests on Airfoil- 

Boundar;/ Layer Control Using a Backward-Ooening 
Slot. NAG A Fep. No. 589 , 195 1. 

1 

2. Schrenk, Oskar; Experiments with a ling from which 

the Boundary Layer is Removed by Suction. NACA 
TM No. 65 I' , 1951 . 


NACA TIj No. 1007 


11 


TABLE I. - ORDINATES FOR 30 -PERCSNT-T:HCK WING 



NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 






t 


4 


NACA TN No. 1007 


Fig. 1 
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Figure 1,- Stub wing of 0.30c thickness and blower 
for boundary-layer-control tests with pressure- 
slot arrangement shown. 
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Fig. 2 



Figure 2.- Stub wing of 0.30c thickness mounted in the 
Langley propeller-research tunnel. 
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Fig. 3 



Typical normal -opening suction slot 



Typical bactward-openlng pressure slot 
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Figure 3,- Boundary-layer-control slot configurations 




Figure 4.- NACA 2415 wing model mounted in the Langley propeller-research tunne] . 
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Fig. 5 



Angle of attack, oc, deg 

Figure 5.- Lift characteristics of the stub wing of 0,30c 
thickness with 0.0075c backward-opening pressure slot 
at 0.42c. 
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Fig. 6 
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Blower drag coefficient, Cd^ 

Figure 6.- Variation of maiimum lift coefficient 
blower drag coefficient for the stub wing of 
thickness with several single-pressure shots. 
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Fig. 7 
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Figure 7.- Lift characteristics of the stub wing of 

0.30c thickness with 0.0455c normal-opening suction 
slot at 0.54c. 
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Fig. 8 
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0 .1 .2 .3 .4 .3 .6 

Blower drag coefficient, Cd^ 

Figure 8.- Variation of maximum lift coefficient 
with blower drag coefficient for the stub 
wing of 0.30c thickness with several 
single normal-opening suction slots. 
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Fig. 9 



Blower drag coefficient, Cd^ 
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Fig^e 9.- Comparison of maximum lift coefficients 
for several multiple-slot arrangements on the 
stub wing of 0.30c thickness. 


Maiinuini lift coefficient 


Fig. 10 
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(ideal) 


Figure 10»- Comparison of maximum lift coefficients 
of the stub wing of O.SOc thickness with values 
obtained from references 1 and 2 for various 
single-slot arrangements. 
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Fig. 11 



0 .01 .02 


Volumetric coefficient, Cq 

Figure 11.- Comparison of maximum lift coefficients 
for various slot arrangements on the stub wing of 
0.30c thickn-ess with values obtained from tests 
in references 1 and 2. 
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Angle of at tack, (X, deg 

Figure 12,- Lift curves of the NACA 2415 plain wing for 
six slot locations with constant blower speed. 
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Figure 13.- Variation of maximum lift coefficient 
of the NACA 2415 plain wing with ideal-blower 
drag coefficient and slot location. 
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Figure 14*- Lift curves with slot on main wing. NACA 2415 
wing with plain flap; blower speed, constant. 
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Figure 15 •- CoitiparlBon of lift with and without 
boundary-layer control with slot on flap* 

KfiCl *415 wing with plain flap; blower 3pe«4, 
constant* 
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lifxire 16.- Variation of maximum lift 
coefficient with Ideal-blower drag 
owefflclent.HACA £415 wing with 
pl-aln flap. 
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Figure 17.- Lift curves with and without boundary-layer 
control. NACA 2415 wing with Zap flap deflected 50° 
to the chord line; blower speed, constant. 
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Figure 10.- Variation of maximum lift coefficient 
with ideal-blower drag coefficient on the NACA 
2415 wing with Zap flap deflected 50^ to the 
chord line. 
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Flg\are 19.- Comparison of maximum lift coefficient 
obtained for the NACA 2415 plain wing, for the 
wing with a plain flap, and for the wing with 
a Zap flap. 
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Figure 20.- Lift-drag polar for the 
NACA 2415 plain wing with slot 
at 0.91c. 
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